ABSTRACT: Mucus secreted onto the surface of the intestine forms a physical barrier to invading parasites so that a possible attachment of helminths to the surface is prevented and their expulsion by peristalsis facilitated. In mammals, intestinal parasites induce hyperplasia and hypertrophy of intestine goblet cells and provoke changes in the mucus composition. In fish, this topic has received less attention. In the present investigation, histochemical methods were employed to compose intestinal mucous cell numbers and their glycoconjugate composition were compared by uninfected brown trout Salmo trutta and in S. trutta parasitized with Cyathocephalus truncatus or Pomphorhynchus laevis. When P. laevis was present in the intestine of the brown trout, the total mucous cell number, and the number of mucous cells containing acid or mixed glycoconjugates were significantly enhanced. No significant change in the total mucous cell number was detected in the intestine of fish parasitized with C. truncatus in comparison with uninfected brown trout. A significant increase was observed in the number of both acid (especially sulphated) and mixed glycoconjugates containing mucous cells as well as a significant decrease in the number of neutral glycoconjugates containing mucous cells. When intestinal helminths were present, the thickness of the adherent mucous gel increased. In a limited number of other fish species, the occurrence of gill and intestinal parasites has been reported to increase the mucosal glycoconjugate secretions. Our study is the first quantitative report on the effects of intestinal helminths on the density of mucous cells and mucus composition in a fish species.
INTRODUCTION
The infection of the mammalian intestine with parasites results in a blood flow congestion of intestinal mucosa, goblet cell hyperplasia and hypertrophy and consequent enhanced mucus secretion (Miller 1987 , Fairweather 1997 , Marzouk et al. 2002 ). An increase in the proportion of intestinal goblet cells has been described, among other cases, in lambs experimentally parasitized with Nematodirus sp. (Usenov 1981) , in intestinal villi during the immune cell-mediated expulsion of Nyppostrongilus brasiliensis from the rat intestine (Miller & Nawa 1979 , Miller et al. 1981 , Miller & Huntley 1982 , Miller 1987 , in the stomach and small intestine of rats infected with Taenia taeniaeformis (Cook & Williams 1981) , and in mice small intestine parasitized with Hymenolepis diminuta (McKay et al. 1990 ) and Trichinella spiralis (Kahn et al. 2001) . Qualitative changes in goblet cell secretions have also been described in response to the presence of parasites (Konink et al. 1988 , Ishikawa et al. 1993 , Fairweather 1997 , Manjili et al. 1998 , and it has been suggested that an increased secretion of chemically different mucus contributes to the elimination of parasites from the alimentary tract (Ishikawa et al. 1993 , Miller 1987 .
Compared with mammals, less is known about the effects induced by intestinal parasites upon the intestinal mucous secretions in fish. An excess of mucus has been observed in the intestine of the chub Leuciscus cephalus and the brown trout Salmo trutta, parasitized with Pomphorhynchus laevis (Acanthocephala) (Dezfuli et al. 2002a,b) , in the intestine of the cobia Rachycentron canadum infected with Serrasentis nadakali (Acanthocephala) (George & Nadakal 1978) , as well as in the intestines of the bluegill Lepomis macrochirus and green sunfish L. cyanellus parasitized with Neoechinorhynchus cylindratus (Acanthocephala) (AdelMeguid et al. 1995) . These studies only provided a description of the altered intestinal structural aspects, whereas no attention was paid to an objective quantification of possible cell hyperplasia (or depletion) and the chemical composition of the mucous cells.
On the other hand, a specific consideration of the possible quantitative and qualitative changes induced in intestinal mucous cells by the presence of parasites is remarkably interesting from the point of view of fish host -parasite interactions. Buchmann & Bresciani (1998) showed that monogeneans seem to 'select' the sites of attachment to the rainbow trout skin, the choice of appropriate localizations depending on both mechanical and chemical stimuli. In particular, the site selection by either intestinal or external parasites (Schabuss et al. 1997 , Buchmann & Lindenstrom 2002 appears strongly influenced by the chemical coding of mucous cells (either intestine-or skin-localized), whose secreted complex glycoproteins constitute an articulate and dynamic microenvironment. In addition, it appears not devoid of interest that mucous cells of some fish species appear able to synthesize and discharge defensive substances (Smith et al. 2000 , Nakamura et al. 2001 , Cho et al. 2002 , and in this respect it may also be useful to know the morpho-functional variations induced by parasites on fish intestinal mucous cells.
The present paper provides for the first time in a fish species a comparison between the number of intestinal mucous cells in uninfected Salmo trutta and a cospecific parasitized with Cyathocephalus truncatus (Cestoda) or Pomphorhnchus laevis (Acanthocephala). Moreover, this study represents the first report on the chemical contents of the different mucous cell populations which are quantified comparatively, both in the absence and in the presence of the cestode and acanthocephalan within the brown trout intestine.
MATERIALS AND METHODS
Fifty-six specimens of Salmo trutta (total length 10 to 48 cm) were sampled by electrofishing in channels and tributaries of the River Brenta, north of Padua, Italy.
The specimens of brown trout were anesthetized with 8% β,β,β-trichlorotetrabutyl alcohol and then dissected, after opening the abdominal cavity. Twentyone brown trout were uninfected, the remaining (n = 35) were infected with either the acanthocephalan Pomphorhynchus laevis (15 individuals) or with the cestode Cyathocephalus truncatus (20 individuals). The densities of parasite were: 1 to 95 P. laevis per host; 1 to 82 C. truncatus per fish. Small pieces of the proximal intestine from both uninfected and infected fish were excised, fixed in Bouin's fluid for 8 h, dehydrated to a graded series of ethanol, cleared in xylene, and embedded in paraffin. The small pieces of parasitized fish were in close vicinity to the opening of pyloric caeca, at a maximum distance of 1 cm from them. The small pieces from uninfected fish were excised from exactly the same intestinal region.
For qualitative histochemical studies, sections (6 µm thick) of the proximal intestine of both uninfected and parasitized Salmo trutta were stained with Alcian Blue 8GX pH 2.5/periodic acid-Schiff (AB/PAS) sequence (Mowry 1963) and High Iron Diamine/Alcian Blue 8GX pH 2.5 (HID/AB) reaction (Reid et al. 1989 , Spicer 1965 . The AB/PAS method was chosen so as to demonstrate both acidic glyconjugates (blue-stained) and periodate reactive vicinal diols (purple-stained), as well as mixtures of the former and the latter (violet-stained). The HID/AB sequence was used to differentiate sulphated (brownish-black-stained) from carboxylated, non-sulphated (blue-stained) acidic glycoconjugates.
For quantitative histochemical studies, we analysed 2 sections of the proximal intestine from either 10 specimens of uninfected brown trout, or 10 Salmo trutta parasitized with the acanthocephalan, or 10 fish infected with the cestode. In the sections stained with the AB/PAS reaction, intestinal mucous cells were counted at the level of 4 intestinal folds. We distinguished among those containing acid (blue-stained, AB), neutral (purple-stained, PAS), as well as mixed (acid and neutral) glycoconjugates (violet-stained, AB/PAS). In the sections stained with the HID/AB sequence, the mucous cells containing sulphated glycoconjugates (brownish-black, HID) were counted at the level of the 4 intestinal folds.
The thickness of the adherent mucous gel was measured utilizing the AB/PAS stained sections from 10 non-parasitized brown trout, as well as of 10 trout infected with Pomphorhynchus laevis and 10 fish parasitized with Cyathocephalus truncatus (see above), and reported as mean ± standard error of the mean. This latter parameter was obtained by measuring the adherent mucous gel at 10 randomly selected points in each section.
Sections were observed and photographed under an Olympus BX50 photomicroscope (Olympus), equipped with a digital camera and DP software (Olympus) for the image analysis. Measures of adherent mucous gel thickness were made at 400×, and counts of mucous cell number were made at 100× utilizing the DP software.
The quantitative data were reported as mean number of mucous cell per intestinal fold (± standard error of the mean), and analysed by 1-way ANOVA (Table 1) using the General Linear Models procedure of the SAS Institute (1985) . The level of significance was set at p = 0.05.
RESULTS
Parasitological data on the presence of Pomphorhynchus laevis and Cyathocephalus truncatus in the intestine of Salmo trutta, as well as values of the intensity of infection for each parasite were reported in a previous study of ours on the same fishes (Dezfuli et al. 2003) .
In the proximal intestine of uninfected Salmo trutta, mucous cells contained predominantly periodic acidSchiff-stained, neutral glycoconjugates (PAS) ( Table 1 , Fig. 1a ). Brownish-stained, High Iron Diamine (HID)-positive mucous cells were considerably less numerous than the blue-stained, sialylated glycoconjugates containing mucous cells (Table 1 ). The adherent mucous gel (Fig. 1a) was 5.49 ± 0.52 mm thick.
When the acanthocephalan Pomphorhnchus laevis was present in the proximal intestine of the brown trout, the total mucous cell number was increased (Table 1, Fig. 1b ) in comparison with uninfected fish (Fig. 1a) , as well as in comparison with the brown trout parasitized with the cestode Cyathocephalus truncatus (Fig. 1c) , and the differences were in both cases statistically significant (Table 1) . Either mucous cells containing acid glycoconjugates (AB) or mucous cells containing mixed (acid and neutral) glycoconjugates (AB/PAS) were significantly enhanced in number (Table 1) . However, no statistical difference, as compared with uninfected fish (Fig. 1d) , was observed in the number of intestinal mucous cells containing sulphated glycoconjugates (HID) (Table 1, Fig. 1e ). The adherent mucous gel was significantly thicker (12.09 ± 0.68 mm) (t-value = -7.710, p < 0.001 vs uninfected fish) when P. laevis was present in the brown trout intestine (Fig. 1b) .
No significant change in the total mucous cell number was detected in the intestine of fish parasitized with Cyathocephalus truncatus in comparison with uninfected brown trout (Table 1) . Nevertheless, a significant increase was observed in the number of both acid (AB) and mixed (acid and neutral, AB/PAS) glycoconjugates containing mucous cell number, as well as a significant decrease in the number of neutral glycoconjugates (PAS) containing mucous cell number (Table 1, Fig. 1c ). The number of mucous cells containing sulphated glycoconjugates (HID) significantly increased in the brown trout parasitized with C. truncatus in comparison with uninfected fish (Table 1 , Fig. 1f ). The thickness of the adherent mucous gel was 11.31 ± 0.61 mm (t-value = -7.261, p < 0.001 vs uninfected fish) when the cestode was present in the proximal intestine of Salmo trutta (Fig. 1c) .
DISCUSSION
In this paper we have for the first time clearly demonstrated that in the intestine of the brown trout the acanthocephalan Pomphorhynchus laevis induced a dramatic increase of total mucous cell number whereas Cyathocephalus truncatus had no significant effect. When the cestode was present, a strong reduction in the number of mucous cells containing neutral mucosubstances occurred. The number of sulphated glycoconjugates containing intestinal mucous cells was higher in both the brown trout infected with C. truncatus and in the brown trout parasitized with P. laevis than it was in uninfected fish. Both intestinal helminths provoked an increase of the adherent mucous gel thickness.
Intestinal mucus is a high molecular weight glycoprotein synthesized by specialized intestinal epithelial cells. Once secreted, it covers the intestinal mucosa with a continuous adherent semisolid gel, which provides a diffusion barrier for certain low molecular 47 (Lamont 1992 , Atuma et al. 2001 , Strugala et al. 2003 . Qualitative and quantitative changes have been described in some cases as a response to the presence of invading organisms, possibly with a defensive significance. In mammals, hyperplasic and hypertrophic intestinal mucous cells have been observed in response to a variety of helminth infections (Fairweather 1997 , Marzouk et al. 2002 . Manjili et al. (1998) showed that hyperplasic goblet cell and changes in the composition of goblet cell mucins follow primary infection of guinea pigs with Trichostrongylus colubriformis. In fish, an excess of secreted mucus is generally described when both intestinal and gill epithelia interact with microrganisms (Ferguson et al. 1992 , Guzman-Murillo et al. 2000 , Lodemel et al. 2001 , Kruatrachue et al. 2003 , and with intestinal helminths (George & Nadakal 1978 , AdelMeguid et al. 1995 .
None of these studies can be considered fully exhaustive because they did not report any objective data about mucous cell numbers or possible different composition of the mucous cell glycoconjugates in the intestine of infected fish.
In this study we observed a significant increase in the number of intestinal mucous cells in Salmo trutta parasitized with Pomphorhnchus laevis in comparison with uninfected individuals. In fact, P. laevis penetrated deeply into the intestinal wall of the brown trout and appeared to change the sites of attachment frequently (Dezfuli et al. 2002b ). This was likely very detrimental for the intestinal wall and elicited a strong response, in particular at the level of intestinal mucous cells. Moreover, when the acanthocephalan was present in the intestine of the brown trout, a high density of mucous cells containing mixed and acid glycoconjugates was observed, and it is known that acidic glycoconjugates are more defensive than neutral ones towards intestinal lumen contents (Smith 1989 , Domeneghini et al. 1998 . A decreased number of mucous cells containing sulphated components was also revealed in the parasitized S. trutta.
In Nyppostrongilus brasiliensis-infected rats, Konink et al. (1988) demonstrated a switch from neutral to acidic mucins, with sulphomucins predominating within acid glycoconjugates. Usenov (1981) showed that during larval migration the amount of acid mucopolysaccharides increased in lambs infected with Nematodirus sp. Sialic acid-rich glycoproteins such as orosomucoid, fetuin and mucin could inhibit bacterial adhesion to fish cells (Guzman-Murillo et al. 2000) .
In contrast to Pomphorhynchus laevis, the occurrence of Cyathocephalus truncatus in the proximal intestine of the brown trout did not change the total mucous cell number in comparison with uninfected Salmo trutta. This was probably due to the fact that the cestode did not cause the severe damage to the host intestinal wall induced by the acanthocephalan. Nevertheless, the cestode provoked an increased mucous cell number containing mixed and acid glycoconjugates, with a higher number of sulphated glycoconjugates containing mucous cells than in uninfected brown trout or in individuals parasitized with P. laevis. Moreover, a low number of neutral glycoconjugates containing cells was observed in S. trutta parasitized with C. truncatus. Sulphated glycoconjugates are known to confer a high density to mucous secretions, thus possibly enabling them to trap invading organisms (Tibbets 1997) . More specifically, changes in the composition of mucus in parasitized fish could be related to synthesis of molecules involved in the mechanism of 'exclusion' of the parasites from their preferred site in the gut (Miller 1987 (Miller , 1996 . For example, pufflectin is the first fish mucosal glycoconjugate produced in gills, skin and intestine of Fugu rubripes that has recently been demonstrated to bind to parasitic metazoans (Tsutsui et al. 2003 ). The thickness of adherent mucous gel is significantly higher in the proximal intestine of Salmo trutta infected with helminths than in the uninfected brown trout. The histological technique obviously dehydrated the adherent mucous gel, and consequently, we were not able to obtain absolute measurement values (Matsuo et al. 1997 , Atuma et al. 2001 . Our aim was, on the other hand, to obtain relative values of thickness for comparative purposes between uninfected and infected fish, and we have really obtained significant relative values because it is conceivable that the amount of dehydration consequent to histological techniques was the same for all the individuals.
Mucus secretion from intestinal goblet cells is stimulated by a number of secretagogues, including acetylcholine from enteric nerves, leukotrienes from inflammatory cells, and prostaglandins (Manjili et al. 1998 , Fairweather 1997 , Lamont 1992 . A variety of peptides may also be involved in the regulation of mucus release during inflammatory states (Lamont 1992 , Fairweather 1997 . Plaisancié et al. (1998) provided evidence that rat colonic mucin secretion may be induced by several mediators (vasoactive intestinal peptide, bombesin, and serotonin) from the neuroendocrine and immune systems, including a marked increase in the discharge of colonic mucin from the isolated vascularly perfused rat colon (Plaisancié et al. 1998) . Dezfuli et al. (2000 Dezfuli et al. ( , 2002b Dezfuli et al. ( , 2003 showed that the presence of intestinal helminths in the intestine of the brown trout induced alterations in the occurrence and distribution of the components belonging to the host neuroendocrine system. In the proximal intestine of Salmo trutta parasitized with the cestode Cyathocephalus truncatus, the number of endocrine cells per intestinal fold, which were immunoreactive to the serotonin antiserum, was increased in comparison with uninfected fish (Dezfuli et al. 2000) . When Pomphorhynchus laevis was present in the alimentary canal of the brown trout, an increased occurrence of nerve fibres immunoreactive to the bombesin and serotonin antisera was observed in the myenteric plexus (Dezfuli et al. 2002b) . Vasoactive intestinal peptide (VIP) was not demonstrated in the neuroendocrine system of uninfected S. trutta, but nerve fibres immunoreactive to this neuropeptide were revealed in the myenteric plexus of the brown trout parasitized with C. truncatus and P. laevis (Dezfuli et al. 2000 (Dezfuli et al. , 2002b .
It is conceivable that the intestinal mucous cell hyperplasia and the differences in their glycoconjugate composition in the parasitized brown trout when compared with uninfected fish are to be correlated with the alterations of the neuroendocrine system reported in previous works of ours (Dezfuli et al. 2000 (Dezfuli et al. , 2002b (Dezfuli et al. , 2003 , which can thus differently sustain secretory processes in uninfected vs infected brown trout. These morpho-functional changes seem in turn to be interpreted as the expression of biochemical and physiological alterations caused by intestinal parasites (Castro 1989) .
The problem of the possible presence of defensive substances within glycoconjugates of intestinal mucous cells remains at present unsolved, and we plan to carry out a further study aimed at elucidating the question as to whether the qualitative differences evidenced here are possibly linked to the synthesis and secretion of particular defensive molecules. 
